I. INTRODUCTION
T HE ERA of the wireless applications with high data-rate transmission and multiple functions is coming, e.g., the IEEE 802.11a/b/g combo system [1] , ultra-wideband (UWB) system [2] , and WiMAX system [3] . The range of carrier frequencies and their bandwidth constantly increase. The obligation of the complicated data processing belongs to the baseband design, while the RF integrated circuit (IC) design takes responsibility for the wide range frequency and broad bandwidth operation. Nevertheless, the design of the high-frequency and wideband RF circuits is a big challenge in the overall solution implementation. For an active mixer, the transistors have natural instinct to perform wide range and broad bandwidth frequency translation. Due to the input/output matching networks, narrowband passive components, and loading effects, the mixer's wideband ability is restricted. For the wideband circuit design, the wideband matching of the input/output ports is a significant issue. The common implemented active mixer is a Gilbert mixer using the emitter-coupled differential input stage. Owing to the high input impedance of the common-emitter-configured transistors, the reactive or resistive matching is needed at the input port. For the reactive matching, the matching bandwidth relates to the orders of the passive matching network. Increasing the order of the matching network can expand the operation bandwidth, but also takes more area. Although the resistive matching can perform wideband matching, it also introduces loss. The variant of the Gilbert mixer, the so-called micromixer, which is defined as a microwave mixer in [4] , has the properties of the wideband input matching and single-ended input. Those properties facilitate the realization of the wideband and single-ended mixer. In this paper, the input stage of the mixer is made up of the micromixer.
For the balanced mixers, the Gilbert switch quad demands differential local oscillator (LO) signals. It is cumbersome to use an off-chip balun for the wideband balanced LO signal generation because the differential signals experience the different delay paths on the circuit board, especially at high frequencies. Hence, a single-to-differential LO balun is integrated in the IC process to form a single-ended mixer. Since it is difficult to achieve truly differential signals with equal magnitude and opposite phase by an active balun in addition to more power consumption at high frequencies, a passive balun is taken into consideration. The Marchand balun is a very wideband passive balun and is popularly used for broadband applications such as a double-balanced diode mixer [5] and a frequency doubler [6] . However, most Marchand baluns are realized on a semi-insulating or high-resistivity substrate. The proper Marchand balun topology suitable for a standard silicon IC process is identified in this paper to maintain the truly balanced signals regardless of the substrate loss.
High impedance resistors or active pMOS loads are usually employed to obtain high conversion gain. In addition, the pMOS current mirror is used to effectively combine the differential IF output current signals of the mixer and establish a singleended output. However, the high impedance causes a low-frequency pole at the output stage, which slows down the IF response. The transimpedance amplifier (TIA) with resistive feedback is, hence, utilized at the output stage to reduce the output impedance and extend the bandwidth in this paper [7] , [8] .
A single-ended wideband Gilbert this paper. It is composed of a micromixer, an integrated LO Marchand balun, and a TIA output amplifier. In this paper, a technique to measure the RF, LO, and IF stages of a Gilbert mixer is developed. This mixer has 15-dB conversion gain, 13-dB noise figure, and 400-MHz IF bandwidth and works from 3.5 to 14.5 GHz.
The Marchand balun design concept and the measured results of a monolithic planar Marchand balun are represented in Section II, and Section III depicts the entire circuits of the micromixer with an integrated Marchand balun. Section IV then shows the experimented results, including the performances of an individual micromixer and an overall micromixer with an integrated Marchand balun. Finally, Section V gives a conclusion with a brief summary of the mixer's performances.
II. ANALYSIS AND IMPLEMENTATION OF THE PLANAR MARCHAND BALUN ON SILICON IC PROCESS

A. Analysis
The Marchand balun, a very broadband passive balun, was proposed in 1944 and has one unbalanced input and two balanced outputs [9] . The compensated Marchand balun can perform impedance transformation from the balanced port to the unbalanced port. The load at the balanced port is shunted with a quarter-wavelength short stub and in series with a quarter-wavelength open stub [10] , [11] . Nevertheless, this type is not easily realized in the IC process, especially in the silicon IC process, and thus is not commonly used in ICs.
The planar Marchand balun is composed of two back-to-back quarter-wavelength coupled lines, as shown in Fig. 1 . Each coupled line has four ports-input, direct, coupled, and isolated ports. Two coupled ports of coupled lines are connected with short ends; the direct ports are tied together. One of the input ports is connected with an open end and the other is the unbalanced input of the Marchand balun, while the balanced outputs of the Marchand balun are from the isolation ports. This configuration is the most popular one, and other topologies of the Marchand balun had been developed in [12] .
The transmission and reflection properties of the Marchand balun can be analyzed easily by the properties of the coupler and open and short terminals [13] . The quarter-wavelength coupled line has the scattering parameters for the coupled and transmitted ports and , which are derived in Appendix. The relation between and of the coupled line is written as no loss with loss.
(
The short terminal results in an antiphase total reflection, whereas the open terminal causes an in-phase total reflection. When a signal inputs at port 1, one part of the input signal, the solid line signal, shown in Fig. 2 (a), couples to the short terminal, then reflects totally in an antiphase fashion, and finally transmits to port 2. This causes the voltage wave transmitting to port 2. The other part, the dotted line signal, is analyzed more complicatedly, as shown in the following steps.
Step 1) The dotted line signal transmits to the open terminal and reflects totally.
Step 2) Some reflected power directly transmits to the middle and then couples to port 2; the rest power couples to the short terminal .
Step 3) A proportion of power reflected from the short terminal , couples to the open terminal, , and then reflects totally. Finally, the reflected signal progresses repeatedly from Step 2). Consequently, the transmission coefficient form ports 1 to 2 caused by the dotted line signal is . Therefore, the total transmission coefficient from ports 1 to 2 is (2) With the same analysis approach, the total transmission coefficient form ports 1 to 3 is (3) as shown in Fig. 2(b) . Based on the calculations of and , this balun performs single-to-differential conversion perfectly, regardless of the silicon substrate loss and metal loss, thanks , and the maximum transmission [14] . The optimal Marchand balun is practically implemented on account of the low optimal coupling coefficient.
B. Implementation
The coupled-line Marchand balun can be realized by Lange couplers [15] , [16] , broadside coupled lines [12] , [17] , [18] , and spiral transmission lines [12] , [17] , [19] - [21] . In order to shrink the size of the balun, an interleave transformer is employed as a quarter-wavelength coupled line in our study, as shown in Fig. 1 . The transformer-type coupled lines, namely, spiral transmission lines, can achieve the desired coupling coefficient. The coupledline Marchand balun with two short terminals and one open end is applied and the two ac ground terminals tied together can provide a dc bias for the mixer's switch quad.
For the balanced mixers, the LO switch quad is driven by the differential signals. A wideband single-to-differential Marchand balun is demanded in order to offer differential LO signals and to reserve the mixer wideband operation. Given that the input impedance of the Gilbert cell is not matched to the source impedance , the -parameters of Marchand balun are modified as shown in (5) at the bottom of the following page [14] . However, the balance of the two outputs is independent of the coupling coefficient and the load impedance . Even if the load impedance of the Marchand balun is not matched, the outputs also have equal magnitude and opposite phase.
Most monolithic Marchand baluns are fabricated on the semi-insulating GaAs substrate. A Marchand balun on the high-resistivity ( 4000 cm) silicon substrate had also been demonstrated [22] . Recently, the Marchand balun was practiced using standard silicon processing with a shielding ground plane [23] . However, the shielding ground plane limits the even-mode characteristic impedance and then reduces the balun bandwidth [21] . The operating bandwidth of the Marchand balun increases monotonically when the ratio of the even-mode characteristic impedance to the odd-mode characteristic impedance of the coupled line increases. A high even-mode characteristic impedance is preferred for a wideband Marchand balun. Thus, the high even-mode characteristic impedance of coupled lines can be achieved in our Marchand balun topology to obtain wide bandwidth. Besides, the higher effective dielectric constant for the balun without the shielding ground plane is good for size reduction.
In this paper, the planar Marchand balun, as shown in Fig. 5 , is implemented directly on the low-resistivity ( 10 cm) silicon (GSGSG) pad employed for the measurement purpose. The finite connecting line can be minimized in the final fabricated circuit. On the low-resistivity silicon substrate, the signal transmission of the balun is dominated by the first component, i.e., the direct coupled term of (2) wave directly coupled to port 3 experiences the connecting-line loss. Thus, the transmission magnitude is lower than . This phenomenon corresponds to the measured results. The outputs are more balanced in magnitude when the connecting line is removed in the IE3D simulation, as shown in Fig. 7 , but the phase balance is almost unaffected by the connecting line. In other words, the connecting line has high associated loss than phase delay. The dissipated loss of a Marchand balun is defined as Loss (6) and is approximately 6 dB, as shown in Fig. 9 . In our study, the Gilbert mixer with the integrated Marchand balun has a short connecting line to provide balanced outputs. The usable bandwidth is more than 10 GHz. The mixer conversion gain is insensitive to the LO power provided that the phase is balanced and the LO power is large enough to commutate the RF current. The reason will explained by the measured results in Section V. The magnitude imbalance resulting from the small connecting line loss is, hence, not a matter of mixer's operation. This balun is appropriately utilized as a single-to-differential balun at the LO port in this mixer even though the magnitude imbalance occurs. 
III. CIRCUIT DESIGN
The entire schematic of the single-ended wideband downconverter is shown in Fig. 10 . This downconverter is formed by the micromixer, the Marchand balun, and the TIA output buffer. Each element has the broadband property.
The micromixer can be considered as the combination of two single-balanced mixers. One mixer is formed by the commonemitter-configured RF amplifier ; the other is composed of the common-base-configured RF amplifier . The LO switch quad is made up of the transistors , , and . The current mirror pair and provides the balance dc currents in the RF input stage and then these two RF amplifiers have equal magnitude and opposite phase transconductance gain to obtain good mixer balance. Moreover, the diode-type transistor reduces the input impedance of and enhances the speed of the common-emitter-configured input stage. The input impedance is controlled by the transistors and and the resistors and . It is easy to achieve wideband matching so this micromixer can act as a wideband mixer [24] .
To establish a single-ended output, the pMOS current mirror is applied to combine the differential output current signals of the mixer. Furthermore, a TIA amplifier is used in the output stage of this mixer. The frequency response of the input stage is dominated by the common-emitter-configured transistor . As shown in Fig. 11 , in the critical path, the RF input stage is viewed as a transconductance amplifier (TCA), the IF output stage is a TIA, while the LO switch quad is inserted in the middle and performs the frequency translation. The topology is very similar to the well-known Cherry-Hooper amplifier-a TCA stage in cascade with a TIA stage [7] . The LO current commutation quad Gilbert mixer cell is used to switch the connecting current between the TCA and TIA stages. Thus, the conversion gain and frequency response can be analyzed as a TCA for the RF stage and a TIA for the IF stage. The TIA output buffer employs a resistive feedback to enlarge the output bandwidth. In addition, a Darlington pair is also utilized to enhance the speed of transistors. Therefore, this output stage of the mixer has single-ended and wideband properties. To analyze the frequency response, the small-signal model is split into two parts, as shown in Fig. 12 . For simplicity, the base-emitter resistance and base-collector capacitance are neglected in the frequency response analysis. The complete transfer functions of the TCA and TIA stages from exact circuit analysis are denoted as (7) where (8) From the open-circuit time-constant analysis, the poles of the TCA and TIA stages in Fig. 12 are (9) and (10) where (11) and (12) are the resistances looking into the base-emitter terminals of and in Fig. 12 , respectively [25] . As a result of a resistive feedback, the poles are extended by the feedback factor of . The overall voltage gain can be calculated as (13) These three components (the micromixer, TIA amplifier, and Marchand balun) construct a single-ended wideband downconverter. Due to the single-ended and wideband matching properties, this Marchand micromixer with the integrated Marchand balun has a wide range of usage.
IV. MEASUREMENT RESULTS
The Gilbert mixer along with a compensated Marchand balun was demonstrated on a semi-insulating GaAs substrate by Hamed et al. [26] . In this paper, the coupled-line planar Marchand balun is implemented on a low-resistivity standard silicon substrate and, to the best of our knowledge, combined with a micromixer for the first time. Two wideband micromixers were fabricated using 0.35-m SiGe BiCMOS technology [27] . Both mixers have identical active circuitry, except the LO Marchand balun. Fig. 13 illustrates two die photographs of the implemented mixers. The left-hand-side photograph is a micromixer without a Marchand balun and its chip size is to approximately 0.75 mm 0.75 mm. The chip size of the right-hand-side chip with an integrated Marchand balun is approximately 1 mm 1 mm. This integrated Marchand balun is redesigned by taking away the connecting line described in Fig. 5 in order to obtain more balanced outputs. The Marchand balun only occupies the area of 300 m 700 m and is designed at the center frequency of 9 GHz. The measurement results of the micromixer without the Marchand balun give excellent agreement with the wideband operation of the micromixer. The Marchand mixer then also performs wideband mixing.
A. Micromixer Without a Marchand Balun
The mixer without the Marchand balun has the broad band property and works up to 15 GHz. The conversion gain is ap- proximately 15 dB and the 3-dB IF bandwidth is approximately 400 MHz [27] . Fig. 14 illustrates that the effect of the LO power on the conversion gain is measured with the fixed IF frequency of 100 MHz, but different LO frequencies by Agilent's E4448A power spectrum analyzer (PSA). The current commutation in the Gilbert cell is responsible for the frequency translation. The differential pair of the bipolar Gilbert cell only needs a small twist voltage (approximately 0.1 V) to perform the near-perfect current commutation. Once the LO power is large enough to drive the switch quad of the Gilbert mixer, the conversion gain keeps constant and is insensitive to the LO power. If the LO power is too large, the quad switch SiGe HBT transistors enter the saturation region and then the mixer gain degrades. However, there is more power to drive the switch quad at higher frequencies. With the LO frequency increase, the LO power range for the flat constant conversion gain region decreases.
The IF and RF bandwidth experiments in [27] give the direct measurement of the IF and RF stage frequency response of the mixer, while the frequency response of the LO Gilbert cell is examined in Fig. 14 . The higher the LO frequency, the narrow the flat gain region becomes. The flat gain region still exists for LO frequencies up to 18 GHz. According to the measured results, the maximum operating frequency of the mixer is approximately 15 GHz and is limited by the RF input stage.
B. Micromixer with an Integrated Marchand Balun
To form a single-ended mixer, a Marchand balun is utilized at the LO port. This Marchand balun has more than 10-GHz bandwidth and is compatible with the wideband property of the micromixer. The measured return loss at the RF, LO, and IF ports is represented in Fig. 15 . The return-loss performance of the RF input and IF output keeps the same as that of the previous active mixer, while the return loss of the LO input is improved by the Marchand balun. The return loss of the RF, LO, and IF ports is below 14, 6, and 10 dB, respectively. The conversion gain of the micromixer with the LO Marchand balun is measured with a fixed 100-MHz IF when the LO power equals to 6 dB. Fig. 16 displays the experiment result. This mixer with the integrated Marchand balun can operate from 3.5 to 14.5 GHz with 11-GHz 3-dB bandwidth. The conversion gain in the 3-dB bandwidth is approximately 15 dB and is the same as that of the mixer without the Marchand balun.
The low-resistivity substrate of standard silicon IC process introduces the connecting line loss. Even if this loss causes the output magnitude imbalance of the Marchand balun, the magnitude imbalance can be tolerable when a Marchand balun is employed at the LO part of mixer as a single-to-different balun because LO power does not affect the conversion gain at the flat region, as shown in Fig. 14 . The switch quad SiGe HBT transistors especially only demand small power to steer the RF current totally from one side to the other side of the differential pair. In other words, there is a wide range of the constant conversion gain region in terms of the LO power. Thus, the wideband Marchand balun is properly used to preserve the wideband mixing even if there is magnitude imbalance. The 3.5-GHz lower bound and 14.5-GHz upper bound of the mixer's frequency response are restricted by the Marchand balun and RF input stage, respectively, according to the measured results of the individual components (the Marchand balun and Gilbert mixer without balun) and the experimental outcome in Fig. 16 .
The port-to-port isolations of the Marchand mixer are presented in Fig. 17 . During the operating frequencies of the Marchand balun, the mixer has the higher LO-to-IF isolation of approximately 35 dB. In addition, the reverse isolation of the transistors at the input stage provides the higher LO-to-RF isolation, especially at low frequencies. The RF-to-IF isolation is below 20 dB. The input 1-dB gain compression point and the input third-order intercept point of the micromixer with the integrated Marchand balun as a function of frequency are measured, as shown in Fig. 18 .
is approximately 19 dBm, while is approximately 7 dBm. The input signal with the frequency below 7 GHz has harmonics located in the operating frequency range. Hence, the in-band harmonic is measured when the input frequency is 5 GHz and is approximately 12 dBm. The noise figure of the Marchand mixer is measured at each frequency of 2, 6, 10, and 14 GHz, as shown in Fig. 19 . When the with the per-unit-length resistance , inductance , conductance , and capacitance , [28] . is the odd-mode characteristic impedance and can be defined similarly to with its associated and . The even-and odd-mode propagation constants are assumed to be equal for simplicity and are defined as . In other words, and are complex numbers for the lossy transmission line. Under the matching condition of , where is the terminal impedance, the coupled line has perfect matching and excellent isolation. Therefore, the scattering parameter matrix for a lossy coupled line is derived as respectively [29] . The Marchand balun analysis in Section II-A is developed based on this scattering matrix (A4). As shown in (A3), the lossy characteristic impedances and vary with frequencies in the presence of loss and the coupled line is dispersive. In our analysis of the Marchand balun formula on a standard lossy silicon substrate in Section II, the values of and can be substituted by (A5) and (A6). The matching condition of is designed at the center frequency. Thus, the heuristic analysis, as shown in Figs. 2 and 3 , is valid at the center frequency for a Marchand balun on a lossy substrate. Under the lossless condition, the complex characteristic impedances and become real numbers and , respectively. The matching condition can be designed for all frequencies and, thus, the analysis in Figs. 2 and 3 is valid for all frequencies. At the frequency where , (A5) and (A6) become well-known formulas as (A7) and (A8)
where the coupling coefficient is equal to (A9)
